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Abstract 
One particular kind of engineered grinding wheels are precisely profiled grinding tools with flattened coarse diamond grains, primarily used for 
machining of brittle materials. Because of their grain geometries, they are also expected to introduce mechanical strains into steel workpieces 
generating a work hardening effect. Also low surface roughnesses combined with favorable compressive residual stresses are targeted. In this 
paper the feasibility of this process technology is investigated and possible adverse aspects are identified. These findings can be used in future 
to further develop the process towards higher forces and speeds and thus conditions close to industrial applications in conventional grinding of 
steel parts. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction and research approach 
Grinding processes have primarily thermal and mechanical 
impacts on the material, which have effects on the surface 
integrity and the material modification of manufactured parts. 
Thermal impacts have, besides of exceptions such as grind-
hardening [1], generally negative effects on the surface 
properties [2] while mechanical impacts in certain processes 
can be used to improve the properties of the surface and the 
subsurface layer [3]. The significance, which each of those 
impacts has, depends inter alia on the process design. Hence 
the choice of process parameters can be done in a way that the 
mechanical impact is predominant and the thermal influence 
can be neglected. Important parameters are low cutting speeds 
vc and low chip thicknesses hcu [4]. In materials like steel 
alloys, which show a strain-hardening effect, this can generate 
positive material modifications within the surface and 
subsurface layers due to the size effect in grinding leading to 
the so-called grind-strengthening [4]. 
However the increase of hardness as well as the depth of 
the induced compressive residual stress that was achieved 
with this method was comparably low. The approach 
presented here aims at improving this situation by working 
with special grinding tools which originally were designed to 
machine hard and brittle materials primarily in a ductile mode 
by inducing comparably high pressure in normal direction to 
the surface during the grinding operation. In this paper it is 
examined, if these tools are also able to induce a mechanical 
impact into steel workpieces (AISI 4140) that leads to an 
increased grind-strenghtening effect. Also the wear behavior 
of the diamond when machining steel with low temperatures 
and high pressure in the contact zone is investigated. 
A new approach to characterize the correlations of material 
modifications independent from the process only by the 
internal material loads is called Process Signatures [5]. With 
the resulting transfer functions the mentioned dependencies 
can be described and used for a desired, surface properties 
driven process design. 
To generate the engineered grinding wheels with flattened 
coarse diamond abrasives, a special dressing technology is 
used. The expression “engineered” characterizes the (quasi-) 
deterministic behavior of the tool, meaning that the macro and 
micro topography has to be generated and known precisely. A 
prerequisite for deterministic ultra-precision grinding is a 
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uniform protrusion height of the abrasive grains [6]. This is 
achieved by flattening the coarse diamond grains, which is 
expected to generate a hydrostatic pressure in the contact zone 
[7]. These wheels can be applied for precision ductile 
grinding of different brittle materials. Roughness values Ra of 
15.47 nm and PV of 104.1 nm were achieved by ductile-
regime grinding of the material borosilicate glass (BK7) [8]. 
2. Experimental Setup and Procedure 
2.1. Dressing procedure and wheel specification used 
The dressing of the coarse-grained, single-layered diamond 
tools with electroplated bond can be performed by a 
mechanical-abrasive dressing process, with a rotational 
diamond abrasive dresser [9] and by a thermo-chemical 
dressing process. Both dressing techniques are performed once 
before grinding. The disadvantage of the mechanical-abrasive 
process is the long duration. For that reason, a subsequent 
thermo-chemical dressing process has been established [10]. 
This dressing technique is based on dynamic friction 
polishing. Fig. 1 shows the set-up for thermo-chemical 
dressing of engineered grinding wheels. 
 
Fig. 1. Engineered wheel with flattened coarse grains and thermo-chemical 
dressing process 
Two rotating austenitic steel calottes, mounted on two 
linear axes and powered by geared motors, are pressed against 
the grinding wheel with a certain force. The force is applied 
from two sides in order to avoid a torque on the grinding 
wheel. The dressing process lasts for about 3 hours and is 
monitored by an acoustic emission sensor, maintaining a 
uniform dressing process. More details are given in [10]. 
The specification of the used engineered grinding wheel is 
listed in table 1. The grinding wheel’s body is made of high-
alloyed austenitic steel and is manufactured by precision 
turning, with an accuracy lower than 2 µm. Due to the coarse 
grains and the hard bond, these tools exhibit a high wear 
resistance. With the above mentioned dressing technique, only 
a fraction of the bonded diamond grains are flattened down 
and are in contact with the workpiece during the grinding 
process. For the D301-tool there are roughly about 150 grains 
around the whole circumference of 236 mm which have been 
visibly dressed and are in contact. The other grains are not 
protruding high enough to be in contact with the dressing tool. 
Table 1. Applied engineered grinding wheel 
Wheel specification Values 
Average grain size 301 µm (D301) 
Concentration C100, single-layered 
Bond Electroplated 
Diameter 75 mm 
Width 3.5 mm 
Profile Spherical (radius 37.5 mm) 
Active grit concentration 15 grains/mm2 (D301) 
2.2. Machine tool and force measurement 
Grinding experiments were carried out on the 5-axis ultra-
precision grinding machine tool Nanotech 500 FG. The 
machine tool features high stiffness in axes and spindles and 
high motion accuracies. Within the machine tool, a 
dynamometer (Kistler Type 9254) is integrated for monitoring 
normal, tangential and feed forces during the process. The 
dynamometer is mounted under the grinding spindle and 
measures the forces by four piezoelectric crystals. 
2.3. Workpiece material 
For all investigations cylindrical workpieces with a height 
of 25 mm and 60 mm in diameter made from steel alloy AISI 
4140 (42CrMo4) were used. The material was heat treated 
(quenched and tempered) to three different states according to 
table 2. Afterwards the workpieces were conventionally 
ground by a flat surface grinding process with a vitrified 
grinding wheel to achieve a uniform surface and consistent 
initial conditions. 
Table 2. Heat treatment states of the experimental material 
denomination tempering resulting surface hardness 
QT 50 300°C (2h) 50 HRC 
QT 33 540°C (2h) 33 HRC 
QT 21 650°C (2h) 21 HRC 
2.4. Experimental procedure 
The process for the material modification investigation is 
performed as single stroke grinding experiments comparable 
to flat surface grinding. The most important varied parameters 
are the cutting speed vc, circumferential wheel speed vs 
respectively, depth of cut ae and tangential feed velocity vft. 
The tangential (Ft) and normal (Fn) forces are considered as 
external material loads and taken into account as indicators 
for the induced mechanical energy. The feeds and speeds are 
indicated in fig. 2. The varied process parameters are listed in 
table 3, first column. The maximum ae was investigated in 
preliminary experiments. To characterize the depth of 
material modification, metallographic cross-sections of all 
ground tracks from this parameter study were analyzed. The 
samples with a visible modification in the surface layers were 
investigated by hardness measurements and the samples with 
the highest hardness-increase were investigated by X-ray 
diffraction and electron backscatter diffraction pattern 
(EBSD) analysis. For the investigations on wear and 
roughness, the process was executed with a rotational 
193 C. Heinzel et al. /  Procedia CIRP  45 ( 2016 )  191 – 194 
 
movement (c-axis) and different parameters. This changed the 
contact conditions but also allowed to either grind more 
material at once or to generate better surfaces than with the 
single strokes (table 3, second and third column). The surface 
optimization was carried out in a three step grinding process 
with the depth of cut of ae = 30 µm and vft = 20 mm/min for 
the first step and ae = 4 µm respectively ae = 1 µm for the 
following steps with vft = 3 mm/min both. 
    
Fig. 2. (a) Kinematics of the applied grinding process; (b) flattened grains of 
the engineered grinding wheel D301. 
Table 3. Process parameters 
Parameter 
Modification  
investigations  
(cf. 3.1) 
Wear 
investigations 
(cf. 3.2) 
Surface 
optimization 
(cf. 3.3) 
ae 20, 30, 45, 60 µm 10 µm 30/4/1 µm 
vft 5, 10, 20 mm/min 20 mm/min 20/3 mm/min 
nw - 150 min-1 150 min-1 
vs 20, 38 m/s 38 m/s 20 m/s 
Direction up- and down grinding up grinding up grinding 
Coolant HM 442 (4%) HM 442 (4%) HM 442 (4%) 
Tempering QT 50, QT 33, QT 21 QT 21 QT 50 
3. Results and discussion 
3.1. Material modifications 
3.1.1. Metallographic analysis 
The cross-sections in fig. 3 show the material surface layer 
before and after grinding with the coarse grained diamond 
wheel. An influenced zone of about 15 µm in depth can be 
observed. An influence of the preliminary grinding process is 
not visible. Two characteristics should be mentioned as they 
go back on the mechanical impact. One is the visible grain 
refinement with much smaller grains and more grain 
boundaries that can lead to a strengthening of the surface area. 
The other is that small cracks close to the surface occurred in 
several cases with different process parameters. This might be 
an indicator for too high local mechanical impact (e.g. high 
local shearing of the material). 
AISI 4140 (QT 21) ae = 30 µm vft = 10 mm/min 
Qw = 0.015 mm³/s vs = 20 m/s Fn = 37 N 
 
 
Fig. 3. (a) Sample after QT heat treatment and pre-machining; (b) sample 
after grinding 
3.1.2. Hardness and residual stress measurements 
The hardness is an indicator for the strengthening effect by 
e.g. dislocation density increase, grain size decrease and more 
grain boundaries. It was conducted by instrumented 
indentation testing along DIN EN ISO 14577. The hardness 
depth profiles for different heat treatments and the parameters 
with the strongest hardening effect are shown in fig. 4. All 
observed workpieces show an increased hardness at the 
surface and the depth of the modification goes from about 
20 µm to 24 µm. The forces that caused this modification 
depend on the heat treatment state of the material and increase 
with initial hardness as expected. 
One result of the residual stress measurements is also 
shown in fig. 4. Residual stresses are important to characterize 
the surface integrity. The measurement shows that the effect 
of the mechanical impact goes even deeper below the surface 
for the residual stresses than the microsections and the 
hardness measurements exhibit. The compressive residual 
stress state confirms the predominant mechanical effect in the 
subsurface layer. 
AISI 4140 ae = 30 µm vft = 20 mm/min 
Down grinding vs = 20 m/s, 38 m/s Qw = 0.03 mm³/s 
 
  
Fig. 4. (a) Hardness depth profiles after grinding with vs = 20 m/s; (b) 
tangential residual stress depth profile σII for the samples with the highest 
hardness modifications 
3.1.3. Results of the EBSD Measurements 
The EBSD phase analysis of the experiments with the 
highest mechanical influence according to the hardness and 
residual stress depth profile show no evidence of austenite (γ-
iron) in the material. So the only existing analyzed phase is 
homogeneous α-iron. There are no distinct orientations of the 
grains visible. The measurements also show no evidence of 
any phase transformation caused by the grinding process. This 
supports mainly the conclusion that the internal material load, 
induced by mechanical impact, completely leads to 
mechanically induced plastic deformation and refinement of 
the grains in the surface area, where the loads are highest. 
In fig. 5 the identified grains are shown in rainbow color 
according to their grain aspect ratio, which is the ratio of the 
ellipse minor axis to the ellipse major axis. As can be seen, the 
modified surface layer consists of a zone of deformed 
elongated grains (z1 ≈ 12 µm) and of a zone of refined, more 
round shaped grains (z2 ≈ 11 µm). The grain size changes 
significantly through the three different zones. This is an 
indicator for the increased hardness in the surface layers as 
smaller grains, more grain boundaries and a higher dislocation 
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density are reasons for hardening or strengthening effects 
without phase transformations. 
AISI 4140 (QT 21) ae = 30 µm Qw = 0.03 mm³/s  Fn = 33 N 
Down grinding vs = 38 m/s vft = 20 mm/min  
 
 
  
Fig. 5. (a) EBSD map of aspect ratio related to penetration depth, left: 
surface; (b) grain size fractions in bulk material (BM), deformed layer (DL) 
and refined layer (RL) on a semi logarithmic scale; (c) grain shape aspect 
ratio in bulk material (BM), deformed layer (DL) and refined layer (RL). 
3.2. Wear of the diamond grains 
The evaluation of the wear was carried out by analyzing 
the change of the shape of three active abrasive grains and 
calculating the arithmetic mean value. It was observed that the 
height of the grains did not change but the volume and the 
flattened surface area. Therefore the wear volume was not 
characterized by the radial wear, but by the surface area 
reduction and the resulting grain volume reduction Vaw based 
on optical measurements. Considered, that roughly about 150 
grains protrude and are active around the circumference of the 
grinding wheel and assumed they all experience the same 
volume of abrasive wear as the calculated mean value of the 
investigated three grains, the G-ratio is 
G = ΔVw/ΔVaw = 5523. 
3.3. Surface roughness 
The surface roughness was investigated by experiments 
similar to the wear analysis with parameters optimized for a 
smooth surface finish. The roughness value was improved 
from initially Rz = 7.974 µm before the experiment to 
Rz = 1.139 µm after grinding. 
4. Conclusions 
An electroplated diamond tool with flattened coarse grains 
was used to grind AISI 4140 steel in order to generate 
mechanical impact on the surface and subsurface layer. 
The expected material modifications, which most likely are 
related to the mechanical impact, were investigated by 
hardness and residual stress measurements as well as by 
EBSD. The results show a hardness increase, compressive 
residual stresses up to a depth of 55 µm below the surface. 
EBSD measurements reveal grain refinement and plastic 
deformation in a similar depth within subsurface. The results 
also indicate that there is no evidence of a thermal influence. 
Future work should focus on further investigations of tool 
wear and surface roughness. Also it should concentrate on 
applying the results to a grinding process with a larger scale. 
A higher depth of cut would lead to a larger contact zone 
between grains and material and increase the distinct modified 
areas under the surface. Likewise investigations on the 
internal material loads should be conducted by means of stress 
and strain distribution within the material which could be 
subject of modeling and simulation as well as measurements. 
However the latter would require novel measurement 
techniques to be developed. These internal loads would be 
important data, going along with the described material 
modifications, as those two are needed to develop a transfer 
function between internal material loads due to the grinding 
process and resulting material modifications due to the 
mechanical main impact. 
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